The uptake of methylamine and of methanol by the facultative methylotroph Pseudomonas sp. strain AM1 was investigated. It was found that this organism possesses two uptake systems for methylamine. One In previous reports we described the existence, in the nonpigmented facultative methylotrophic bacterium Pseudomonas sp. strain MA, of two distinct uptake systems for methylamine. One of these (the C-N system) operates when methylamine is the carbon and nitrogen source, exhibits relatively high Km (1 to 3 mM) and Vmax (100 nmol/min per mg of cells [dry weight]) values, and is insensitive to ammonium ion inhibition (4). The other system (the N system) operates when methylamine is the sole source of nitrogen (but not carbon), has low Km (16 ,uM) and Vmax (2 nmol/min per mg of cells [dry weight]) values, and is subject to mild competitive inhibition by ammonium ions (Ki, 4.1 mM) (6). In Pseudomonas sp. strain MA, methylamine is oxidized to formaldehyde by an indirect route involving the formation and subsequent oxidation of N-methylglutamate (13, 17) , and the formaldehyde is assimilated by the icl+ variant of the serine pathway (5, 14). A related organism, Pseudomonas sp. strain AM1 (16), is also able to utilize methylamine, but there are several distinct differences in the biochemistry of the subsequent metabolism of methylamine in this pink-pigmented organism. Methylamine is oxidized to formaldehyde in a single step catalyzed by methylamine dehydrogenase (11), and formaldehyde is assimilated by the icl-variant of the serine pathway (18). We wished to determine whether differences also existed between these two methylotrophs in their uptake systems for methylamine, and since Pseudomonas sp. strain AM1 can also utilize methanol, the uptake of that compound was investigated also. In this report we present the results of these studies.
In previous reports we described the existence, in the nonpigmented facultative methylotrophic bacterium Pseudomonas sp. strain MA, of two distinct uptake systems for methylamine. One of these (the C-N system) operates when methylamine is the carbon and nitrogen source, exhibits relatively high Km (1 to 3 mM) and Vmax (100 nmol/min per mg of cells [dry weight]) values, and is insensitive to ammonium ion inhibition (4) . The other system (the N system) operates when methylamine is the sole source of nitrogen (but not carbon), has low Km (16 ,uM) and Vmax (2 nmol/min per mg of cells [dry weight]) values, and is subject to mild competitive inhibition by ammonium ions (Ki, 4.1 mM) (6) . In Pseudomonas sp. strain MA, methylamine is oxidized to formaldehyde by an indirect route involving the formation and subsequent oxidation of N-methylglutamate (13, 17) , and the formaldehyde is assimilated by the icl+ variant of the serine pathway (5, 14) . A related organism, Pseudomonas sp. strain AM1 (16) , is also able to utilize methylamine, but there are several distinct differences in the biochemistry of the subsequent metabolism of methylamine in this pink-pigmented organism. Methylamine is oxidized to formaldehyde in a single step catalyzed by methylamine dehydrogenase (11) , and formaldehyde is assimilated by the icl-variant of the serine pathway (18) . We wished to determine whether differences also existed between these two methylotrophs in their uptake systems for methylamine, and since Pseudomonas sp. strain AM1 can also utilize methanol, the uptake of that compound was investigated also. In this report we present the results of these studies.
MATERIALS AND METHODS
Organism and growth conditions. The organism used for the work is a pink-pigmented non-photosynthetic methylotroph designated Pseudomonas sp. strain AML. It was first isolated in methanol-elective culture by Peel and Quayle (16) , and a culture was provided for this study by J. R. Quayle. Cells were grown in shaken baffle flasks at 30°C in a mineral salts medium (8) . Sterile solutions of the appropriate carbon and nitrogen sources were added to the flasks. The final concentrations of the carbon sources were 100 mM methylamine, 125 mM methanol, and 50 mM succinate. When succinate and methanol were the carbon sources, ammonium chloride was added as the nitrogen source to a final concentration of 25 mM. Cells were harvested when they had reached a cell density corresponding to a 0.8 to 0.9 optical density when read at 540 nm in 10-mm cuvettes in a Bausch & Lomb Spectronic 20 spectrometer. They were then washed three times with 20 mM phosphate buffer (pH 7.0) and used immediately in the transport assays. A methanol dehydrogenase mutant of Pseudomonas sp. strain AM1, M15A (12), was kindly provided by Mary Lid-strom O'Connor, University of Washington, Seattle. This mutant was grown on succinate-ammonium chloride as described above.
Uptake assays. Assays for the uptake of substrates were done essentially as has been previously described (4). The final specific radioactivities of the substrates in the assay mixtures were between 8.6 x 10' and 8.0 x 107 dpm/lLmol.
Radioactive counting. Each filter with cells was placed in a scintillation vial and covered with 5 ml of scintillation fluid prepared by combining 3.5 g of 2,5-diphenyloxazole, 25 mg of 1,4-bis- [2] -(5-phenyloxazole)benzene, and 50 g of naphthalene with p-dioxane to a total of 500 ml.
Preparation of cell extracts and enzyme assay. Cells were harvested, washed twice with 20 mM phosphate buffer (pH 7.0), and suspended in the same buffer at a ratio of 1 
RESULTS
Methylamine uptake. (i) General kinetics. Michaelis-Menten kinetics were followed for methylamine uptake in methylamine-grown cells and also in succinate-methylamine-grown cells (in which methylamine acts as a source of nitrogen only). Km values were found to be 1.33 x 10-4 M and 1.2 x 10-5 M for methylaminegrown and succinate-methylamine-grown cells, respectively, and the corresponding Vmax values were 67 and 8.9 nmol/min per mg of cells (dry weight). The pH optimum was between 7.0 and 7.2 for both systems.
(ii) Effects of respiratory chain inhibitors and uncouplers. The effects of cyanide, CCCP, NEM, and azide on methylamine uptake were examined in both methylamine-grown and succinate-methylamine-grown cells (Fig. 1) . All tested compounds caused the complete cessation of uptake in both systems.
(iii) Effects of ammonia and alkylamines. Methylamine uptake was not inhibited by ammonium ions in methylamine-grown cells, but cells grown with methylamine as the sole nitrogen source showed inhibition by ammonium ions, with an observed K; of 7.7 mM (Fig. 2) . Ethylamine inhibited methylamine uptake in both methylamine-and succinate-methylaminegrown cells, with Kis of 0.27 and 0.81 mM, respectively. Propylamine and butylamine were less effective as inhibitors of methylamine uptake, and amino acids generally showed less than 10% inhibition when tested at 10 mM. Glycine, however, caused a slight, but consistent, increase in methylamine uptake in succi- (ii) Effects of other alcohols. When other alcohols were included in the assay medium, various degrees of inhibition of uptake were observed. Primary alcohols were more effective inhibitors than secondary alcohols and diols, and tertiary alcohols showed very little effect (Table 1) .
(iii) Respiratory chain inhibitors and uncoupiers. Whereas azide and cyanide were found to completely curtail methanol uptake, the uncoupler CCCP showed only slight inhibition (Fig. 3) . NEM inhibited methanol uptake by 88%.
(iv) Osmotic shock. When cells were treated by the osmotic shock procedure of Neu and Heppel (15) , the uptake of methanol was stimulated, with the Vma,, increasing by 14% (Fig. 4). (v) Methanol uptake in mutant M15A. The weak inhibition shown by CCCP and the effect of osmotic shock, which showed a stimulation of uptake as opposed to a decrease or no effect at all, suggested that perhaps methanol uptake was not mediated via an active transport process, even though saturation kinetics were observable. The Km determined for methanol uptake was very close to the Km value published for several methanol dehydrogenases (7, 19) , the first enzyme to act on methanol in its assimilation and oxidation pathway. Therefore, methanol uptake was assayed in Pseudomonas sp. (12), which lacks only methanol dehydrogenase, to determine whether this enzyme plays any role in methanol uptake. Both the mutant and the wild-type strains were grown on succinate-ammonium chloride, and then the washed cells were suspended in methanol growth medium for 18 h. Both cultures were then assayed for methanol dehydrogenase and for methanol uptake. The methanol-induced wild-type organism could take up methanol, whereas the induced mutant could not (Fig. 5) . Specific activities obtained for methanol dehydrogenase were 4 x 1O-3 pLmol/min per mg of crude extract protein for the wild type and 0 for mutant M15A.
DISCUSSION
The results presented in this paper show that Pseudomonas sp. strain AM1 has two mechanisms for the uptake of methylamine. One of these (the C-N system) is operational when methylamine is the sole carbon and nitrogen source, and the other (the N system) is operational when methylamine acts only as a source of nitrogen. The C-N system is a high-capacity, but low-affinity, system, whereas the opposite situation prevails for the N system. The uptake systems are probably not ammonia uptake mechanisms acting nonspecifically, as evidenced by the lack of inhibition by ammonium ions of the C-N system and the rather weak effect shown in the N system. Uptake in both systems was more effectively inhibited by alkylamines, indicating that the uptake systems may not be absolutely specific for methylamine. Amino acids were essentially ineffective as inhibitors; the unexpected stimulation of methylamine uptake by glycine in the N system was also observed in Pseudomonas sp. strain MA. This may be a consequence of the role of glycine in the carbon assimilation pathway where it acts as the initial acceptor of the C1 compound, forming serine, in a reaction catalyzed by serine hydroxymethyl transferase (4, 5) . Respiratory chain poisons and phosphorylation uncouplers severely inhibited uptake by both systems, indicating an energy requirement for uptake.
In the uptake of methylamine, Pseudomonas sp. strain AM1 behaves very similarly to Pseudomonas sp. strain MA, even though their subsequent oxidation and assimilation pathways for methylamine are quite different. 10 U Studies on the uptake of methanol by Pseudomonas sp. strain AM1 revealed that methanol is taken into the cells by a passive mechanism. In contrast to the findings for methylamine uptake in this organism, the uptake of methanol was not totally curtailed by CCCP, indicating the lack of an energy requirement for uptake, and osmotic shock treatment of the cells had the effect of stimulating, rather than inhibiting, methanol uptake. However, saturation kinetics for uptake were demonstrable, and uptake was inhibited by azide, cyanide, and NEM, criteria that can indicate the presence of an active transport system. It is suggested that these latter observations are due to the effects on methanol oxidation of this organism.
The Km value observed for methanol uptake is very close to that reported for several methanol dehydrogenases, and methanol oxidation is known to be sensitive to inhibition by azide and cyanide (due to inhibition of cytochrome aa3) (2, 20) . Also, the observed inhibitory effects of other alcohols on methanol uptake have a direct correlation with the known specificity of methanol dehydrogenase. Experiments with Pseudomonas sp. strain AM1 mutant M15A (that lacks methanol dehydrogenase) showed that this mutant cannot take up methanol even after being induced on methanol growth medium, a procedure known to induce the formation of the enzymes for methanol utilization (10) . This is in direct contrast to the wild-type organism, in which similarly induced cells were able to take up methanol.
Overall, our results suggest that methanol diffuses into the bacteria, where it is very quickly and efficiently oxidized by methanol dehydrogenase, this action thus ensuring continued methanol uptake. Anthony has proposed that methanol dehydrogenase is located at or near the outside face of the bacterial membrane (2), and evidence supporting this idea has been demonstrated by Alefounder and Ferguson for Paracoccus denitrificans (1) . The increase in the apparent methanol uptake rate that occurred after osmotic shock treatment could support this hypothesis, assuming that such action would allow easier access to methanol dehydrogenase by the substrate. If methanol dehydrogenase is indeed on the outside face of the cell membrane, then methanol at such may never actually enter the cell, its oxidation product, formaldehyde, being the transported molecule. To this end, a study of formaldehyde uptake in methylotrophs is under way in this laboratory.
